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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
In the paper results of comparative analysis of the fracture toughness of explosively welded Al/Ti composite determined for the 
ambient temperature and for the cryogenic conditions were presented. Testing of mechanical properties of inhomogeneous 
materials very often presents a lot of difficulties connected with the experimental procedures as well as with the interpretation of 
study results. It is also in the case of layered Al/Ti material, for which cracking history has different nature for both layers: 
aluminium and titanium alloy. However, from the viewpoint of practical application, the knowledge of ‘global’ material 
properties is important. Due to differences of properties of both materials constituting the Al/Ti bimetal, it is hard to talk about 
determination of mater al property, whi h is plane strain fracture toughness K1C. In such case more adequate is fracture toughness 
KQ value, which can refers to the system of two materials. In nvestigations compact te sion (CT) specimens were used. For 
specimens used i  the tests the ratio of width to thickness W/B was 4. Th  initial pre-cracks were ma e by cyclic axial loading of 
specimens. The experimental tests were made with the use of the axial servohydraulic test system equipped with an original 
cryogenic chamber. During the tests all parts including specimen, clevis grips, extensometer were immersed in liquid nitrogen. 
The influence of cryogenic temperature on the fracture toughness was observed as a result of the tests. 
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1. Introduction 
Construction materials applied in aviation and aerospace industries must meet numerous requirements connected 
with specific service conditions under which they are used. Thus providing these structures with adequate 
mechanical properties, with possibly low density, is of key importance. Additionally, it is necessary to maintain the 
required mechanical properties in changeable environments, in particular, in significantly different temperatures.  
Materials used in coatings of objects operating in outer space need to have proper ballistic resistance and 
radiation hardness. Meeting these requirements for homogenous materials is not easy, hence new solutions are being 
sought. The layered material Al/Ti discussed in this study which is obtained with the used of explosive welding is an 
example of such a material. 
Literature analysis shows significant interest in composite materials constructed on the basis of aluminum and 
titanium. Most works are dedicated to analysis of mechanical properties and analysis of the joint zone 
microstructure.  
For example, Fan et al. (2016) have studied the influence of thickness of particular layers of steel sheets 
consisting of aluminum AA1060 with titanium alloy explosion welded on selected  mechanical properties has been 
studied. Also drawabilty of the considered material has been tested after the welding process. Apart from that, the 
impact of the number of layers on selected mechanical properties have been studied.   
Szachogluchowicz et al. (2015) have reported the results of tests of low cycle fatigue life of an explosion welded 
aluminum AA2519 and Ti6Al4V alloy composite.  
Fronczek et al. (2016) have compared local properties, in particular, the percentage share of particular 
components making up a plated coating, in the transition zone between the aluminum and titanium layers. In this 
work there are results of comparative studies of the microstructure and micro hardness of the plated coating 
components measured directly after explosion welding and the process of annealing. 
It is much more difficult to find tests results of Al/Ti composites for reduced temperatures. However, it is possible 
to find tests results for homogenous materials. For example, this type of tests were reported by Nayana et al. (2014). 
The paper contains results of tests of selected mechanical properties for specimens of AA2195 aluminum bathed in 
liquid nitrogen. The authors have also carried out an analysis of the tested specimens fracture surface 
microstructures. 
Numerous works are devoted to an analysis of transition zones between the connected materials and their 
influence on mechanical properties of a layered material. For instance, Bataev et al. (2012), Rohatgi et al. (2003), 
Jiang et al. (2013), Xu et al. (2006) have presented an analysis of the influence of Al3Ti intermetallic diffusion on the 
structure of Al/Ti composite. The influence on local reinforcements of the material has been shown as well as the 
possibility of providing the material with discontinuity and predisposition to delamination. They can also be viewed 
as inclusions, which cause undesired stress and strain concentration, especially in the case of time variable loads.  
Also the influence of heat treatment has been widely analyzed including procedures involving modification of the 
residual stress state. Results of this type of tests are also described by Luo and Acoff (2004), Peng et al. (2005). 
The literature analysis proves that there are no thorough analyses of Al/Ti composite behavior in significantly 
reduced temperatures which is necessary to know if they are to be used in aviation industry, in particular, in objects 
which operate in outer space. 
One of the most important properties affecting safety of mechanical structures operation is fracture toughness of 
materials used in them. The goal of this study is to present a comparative analysis of Al/Ti composite crack 
resistance in the ambient temperature and cryogenic conditions. Procedures used in the tests have been described and 
tests results obtained for temperatures 293 K and 77 K have been presented. 
2. Research object 
The research object is depicted in Figure 1a. It is an explosion welded layered material made of two alloys: 
aluminum AA2519 and titanium Ti6A14V (Fig.1b). The main mechanical properties of the used materials are 
presented in Table 2. The aluminum alloy, before welding, undergoes heat treatment and additional layer of 
aluminum AA1050 in the form of a diffuser plate or plated coating is inserted into the weld zone. After welding it is 
subjected to heat treatment again. The weld zone is characterized by high complexity in terms of geometry, 
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The paper contains results of tests of selected mechanical properties for specimens of AA2195 aluminum bathed in 
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microstructures. 
Numerous works are devoted to an analysis of transition zones between the connected materials and their 
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microstructure and chemical composition which is shown in Figure 1c. Work of  Szachogluchowicz et al. (2015) 
includes a detailed analysis of the welded structure.  
 
 
Fig.1. Explosive welded Al/Ti layered material used in research: (a) general view, (b) microstructure, (c) transition zone 
Table 1. Basic mechanical properties of AA2519 aluminum alloy, Brian et al. (2009) and Ti6Al4V titanium alloy, Kerely 
(2003)  
Material Sy, MPa Su, MPa E, GPa hardness 
AA2519 460 485 73 23 
Ti6A14V 950 1020 120 33 
Table 2. Chemical composition of AA2519 aluminum alloy, Brian et al. (2009) and Ti6Al4V titanium alloy, Kerely (2003) 
Material Ti Fe O Al V Cu 
AA2519 0,1 0,3 0,05 90 0,15 6,4 
Ti6A14V 90 0,25 0,2 6 4 0,05 
 
Standard specimens of CT (compact tension) type with dimensions as required by ASTM E 399 norm have been 
used in the crack resistance tests. Due to the fact that thickness of sheets used for specimens was merely 10 mm, 
characteristic dimension W, equal to 4 times the thickness of the specimen, was used.  
The basic dimensions of the specimen are presented in Figure 2. 
 
Fig.2. CT type specimen used in research 
  
The specimens were made with the use of wire EDM (electrical discharge machining) method. Application of an 
low-energy method allowed to avoid the risk of introducing inclusions, impact zones or subhardenings into the 
specimen, as they can lead to disturbances while experimental tests. Additionally, due to application of a low 
diameter wire, a notch with radius below 0.1 mm. was obtained. It allowed to generate cracks with parameters 
corresponding to the requirements of the respective norm in terms of their propagation direction. 
 
AA2519 
Ti6Al4V  
200μm 
a b c
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3. Experimental setup 
The test of fracture toughness consists of two steps. The first step includes generation of fatigue crack whose 
purpose is to achieve a proper state of stress to be provided in the main fatigue test. The shape and length of the 
crack need to meet many requirements especially in the case when a test is meant to determine the material property 
such as K1C. For a layered material it is much more complicated to achieve the desired crack due to different fatigue 
lives of component materials and different crack growth rate of basic materials. The problem will be discussed in 
point 4 – analysis of tests results.  
Fatigue cracks in CT specimens were prepared on the test stand constructed on the basis of  Instron 8501 testing 
machine and a modified system Fatigue VIEW equipped with additional tools and software.  
FatigueVIEW system described among others by Boroński et al. (2014) is equipped with an original research 
devices created in cooperation with the UTP - University of Technology and Life Sciences and The Institute for 
Sustainable Technologies – National Research Institute, which made it possible to analyze the displacements with 
the use of a system consisting of two video cameras and a digital analysis of images of the specimen recorder by 
these cameras. Modification of the system involved using the cameras for observation of the specimen head surface, 
both on the side of the titanium and the aluminum alloy. Since the initial tests revealed faster generation of a crack 
on the side of titanium, the value accepted to be a criterion for the fatigue test to be finished was the length of a crack 
on the side of titanium. 
A new software of the system integrated with the testing machine control unit allowed to supervise the machine 
operation so that the fatigue test would automatically be stopped after reaching the required length of a crack on the 
side of titanium. 
In Figure 3 there is a test stand during a fatigue test. 
 Fig.3. Fatigue test stand for specimen precracking 
 
An image including a distribution of surface displacements along the crack path with a line marked to indicate the 
required length of the crack is depicted in Figure 4. Automation of the fatigue test generating the initial crack in the 
specimens allowed to provide identical (within the limit of length measurement error)  specimens for crack 
resistance tests. 
Cracks in CT specimens were generated in the ambient temperature, regardless of the temperature used for crack 
resistance testing. 
Also the crack opening COD was measured during fatigue tests by means of a standard extensometer. A 
comparison of example COD value changes is shown in Figure 5. 
The main crack resistance test according ASTM E 399 standard. The value of force and opening of COD crack 
were recorded during the fatigue tests involving a monotonic variable loading applied to CT specimens with the 
generated crack. For tests performed in the ambient temperature, additionally the value of the crack length on both 
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sides of the specimen surface, that is on the side of titanium and on the side of aluminum, was recorded. The tests 
were performed for a constant value of the machine piston displacement increase.  
Crack resistance tests under cryogenic conditions were performed on the same test stand, additionally equipped 
with a cryogenic chamber that was designed and constructed in cooperation with The Institute for Sustainable 
Technologies – National Research Institute. Its design enables performance of fatigue tests for specimens entirely 
immersed in a cooling liquid. The presented tests involved using liquid nitrogen. The Figure 6b shows an interior of 
a chamber with a mounted CT specimen while it is being poured by liquid nitrogen and the test stand with a 
cryogenic chamber. 
  Fig.4. Example of the crack path on the CT specimen surface: (a) Ti6A14V side, (b) AA2519 side 
 Fig.5. Examples of a change of crack opening displacement for different CT specimen 
 Fig.6. Test stand for fracture testing in cryogenic conditions: (a)loading machine with cryogenic chamber, (b) cryogenic chamber during filling 
by liquid nitrogen, (c) cryogenic chamber during precooling 
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4. Results analysis 
Introduction of an initial crack into the specimens for fracture toughness tests in most cases involves their cyclical 
loading in order to generate a fatigue crack. It applies mainly to metal materials. In the case of homogenous 
materials, with maintenance of appropriate constraints, it is possible to obtain a crack with a straight front, 
perpendicular to the lateral surfaces of these specimens. Unfortunately multi-layer materials, whose components are 
characterized by different rigidity, fatigue life and crack growth rate is practically impossible.  
However, due to the fact that the goal of this study is not an analysis of  the material normative property but 
rather a comparative analysis of fracture toughness of a considered multi-layer material under two temperature 
conditions, a typical method was chosen to be used for preparation of cracks.  
In the Figure 7 the example lines of initial cracks in the analyzed specimens are shown. While the crack were 
being generated it was noticed first a crack occurs on the side of titanium and differences in the crack length after 
reaching the criterial value on the side of titanium and aluminum reach 5 % (bigger value of the crack length was 
mainly for titanium alloy).  
 Fig.7. The different example lines of precracks in the analyzed specimens 
 
An analysis of the specimen fracture surface after accomplishment of a fatigue test revealed that the ratio of crack 
lengths in specimens is not constant which obviously cannot be surprising considering the fatigue process nature. 
This fact needs to be taken into consideration in interpretation of tests results in K1C approach. It is possible though 
to analyze them according to other quantities determined in during tests. Due to the fact that the aim of this study is 
an analysis of the influence of the ambient temperature on a material crack  resistance, it was parameter KQ which 
was used for a comparative analysis.  
The carried out tensile tests have provided diagrams in the stress-crack opening displacement COD approach. 
They are shown in the Figure 8. The values of parameter KQ for a layered material were determined on the basis of 
similar diagrams in the load-COD coordinates. 
 
  Fig.8. Stress – COD curves for Al/Ti layered material for ambient and cryogenic conditions 
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However, due to the fact that the goal of this study is not an analysis of  the material normative property but 
rather a comparative analysis of fracture toughness of a considered multi-layer material under two temperature 
conditions, a typical method was chosen to be used for preparation of cracks.  
In the Figure 7 the example lines of initial cracks in the analyzed specimens are shown. While the crack were 
being generated it was noticed first a crack occurs on the side of titanium and differences in the crack length after 
reaching the criterial value on the side of titanium and aluminum reach 5 % (bigger value of the crack length was 
mainly for titanium alloy).  
 Fig.7. The different example lines of precracks in the analyzed specimens 
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lengths in specimens is not constant which obviously cannot be surprising considering the fatigue process nature. 
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 Fig.9. Stress vs. COD curves for AA2519 aluminum alloy and Ti6Al4V titanium alloy for cryogenic conditions 
 
For comparative purposes, the tests results were referred to the values of KQ determined for component materials. 
The Figure 9 shows tensile diagrams for CT specimens made of a titanium and aluminum alloy in cryogenic 
conditions. The values of KQ determined in the tests are presented in Table 3. 
Table 3. Values of KQ determined for: Al/Ti explosive welded layered material, AA2519 aluminum alloy and Ti6Al4V 
titanium alloy  
Material Temperature KQ (mean value) 
AA2519 77 K 38.6 MPa·m0.5 
Ti6A14V 77 K 66.5 MPa·m0.5 
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Al/Ti 297 K 47.1 MPa·m0.5 
 
A comparison of tests results allowed to find out that crack resistance of a multi-layer material Al/Ti under 
cryogenic conditions does not differ significantly from the one determined for the ambient temperature. However, 
there are significant differences in crack resistance between component materials and Al/Ti composite particularly in 
reference to the titanium alloy. Crack resistance of titanium described by KQ parameter is almost twice higher than 
crack resistance of aluminum alloy and almost 60 % higher than crack resistance of  Al/Ti composite. Thus, it can be 
said that application of titanium increased crack resistance of the aluminum alloy, however less than aluminum 
reduce crack resistance of the titanium. 
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5. Conclusions 
Based on the results of tests, the following conclusions can be drawn: 
a) generation of an initial crack in  CT specimens for heterogeneous materials including the analyzed multi-layer 
material  Al/Ti, by means of cyclically variable loadings, does nor ensure obtainment of its proper form , 
b) an analysis of the cracking process during generation of a fatigue crack showed different precrack length for 
AA2519 aluminum alloy and Ti6Al4V titanium alloy - the differences do not exceed 5 %, 
c) tests results have confirmed that the explosion welded layered material Al/Ti meets the criteria for application of 
a linear elastic crack mechanics to be used for a description of its fracture toughness, 
d) decreasing the temperature slightly affects crack resistance of layered material Al/Ti and the one described by KQ 
parameter determined according to ASTM E 399 – norm, the differences do not exceed 11%, 
e) a comparison of crack resistance of a layered material and component materials under cryogenic conditions show 
that a layered material is characterized by crack resistance similar crack resistance of an aluminum alloy and 
significantly lower than a titanium alloy. 
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Based on the results of tests, the following conclusions can be drawn: 
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e) a comparison of crack resistance of a layered material and component materials under cryogenic conditions show 
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